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ABSTRACT: Plasmid-encoded R67 dihydrofolate reductase (DHFR) catalyzes a hydride transfer reaction
between substrate dihydrofolate (DHF) and its cofactor, nicotinamide adenine dinucleotide phosphate (NADPH).
R67DHFR is a homotetramer that exhibits numerous characteristics of a primitive enzyme, includingpromiscuity
in binding of substrate and cofactor, formation of nonproductive complexes, and the absence of a conserved
acid in its active site. Furthermore, R67’s active site is a pore, which is mostly accessible by bulk solvent. This
study uses a computational approach to characterize the mechanism of hydride transfer. Not surprisingly,
NADPH remains fixed in one-half of the active site pore using numerous interactions with R67. Also,
stacking between the nicotinamide ring of the cofactor and the pteridine ring of the substrate, DHF, at the
hourglass center of the pore, holds the reactants in place. However, large movements of the p-aminoben-
zoylglutamate tail of DHF occur in the other half of the pore because of ion pair switching between symmetry-
related K32 residues from two subunits. This computational result is supported by experimental results that
the loss of these ion pair interactions (located >13 Å from the center of the pore) by addition of salt or in
asymmetric K32M mutants leads to altered enzyme kinetics [Hicks, S. N., et al. (2003) Biochemistry 42,
10569-10578; Hicks, S. N., et al. (2004) J. Biol. Chem. 279, 46995-47002]. The tail movement at the edge of
the active site, coupled with the fixed position of the pteridine ring in the center of the pore, leads to puckering
of the pteridine ring and promotes formation of the transition state. Flexibility coupled to R67 function is
unusual as it contrasts with the paradigm that enzymes use increased rigidity to facilitate attainment of their
transition states. A comparison with chromosomal DHFR indicates a number of similarities, including
puckering of the nicotinamide ring and changes in the DHF tail angle, accomplished by different elements of
the dissimilar protein folds.

R-Plasmid-encoded dihydrofolate reductase (R67 DHFR)1

catalyzes the reduction of dihydrofolate (DHF) to tetrahydrofo-
late (THF) using nicotinamide adenine dinucleotide phosphate
(NADPH) as a cofactor. While the reaction is the same as that
catalyzed by the chromosomally encoded DHFR in Escherichia
coli (EcDHFR) and other organisms, R67 shows neither se-
quence nor structural homology with chromosomal DHFRs
(1-4). This type II DHFR was discovered because of its ability
to confer trimethoprim resistance upon host bacteria (5). Each
R67 DHFR monomer is 78 amino acids long, and the subunits
assemble into a homotetramer possessing 222 symmetry (see
Figure 1). A single active site pore with a volume of 3626 Å3

traverses the length of the molecule. R67 DHFR possesses a SH3

domain-like fold, while EcDHFR displays a Rossmann fold, the
latter being a characteristic feature of dinucleotide binding
proteins (6). R67 is an unusual enzyme as it uses symmetry-
related sites to bind various combinations of ligands, including
two substrate (DHF) molecules or two cofactor (NADPH)
molecules or the catalytically relevant combination of one
DHF molecule and one NADPH molecule (7).

R67 DHFR has been described as a primitive enzyme because
of several features, including an unusual active site pore that is
mostly accessible by bulk water except at the hourglass center, no
conserved acid or base in the pore, formation of nonproductive
2DHF or 2NADPH complexes, and a low catalytic efficiency
(∼3 � 105 s-1 M-1) compared to that of EcDHFR (1). More-
over, this enzyme behaves in a manner different from the
conventional paradigm of enzyme catalysis in a number of ways.
First, the binding-site promiscuity for different ligands in R67
deviates from the lock-and-key hypothesis, as DHF and
NADPH share symmetry-related sites; R-NADPH can be used
as cofactor (8), and novobiocin and congo red are inhibitors [with
Ki values of 70 and 2 μM, respectively (9, 10)]. Neither of the
latter two ligands resembles the substrate and/or the cofactor.
Second, a widely accepted view of enzyme catalysis suggests that
an increase in rigidity in the active site or enthalpy driven binding
of the transition state facilitates catalysis (11-15). In other
words, loss of translational and rotational motion in a well-
evolved active site leads to the correct positioning of enzyme and
reactants, thus facilitating the chemical step of the reaction.
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While the R67 structure is observed to be quite rigid from NMR
measurements (ÆSfree

2æ=0.89 for the apoenzyme, and ÆSfree2æ=
0.86 for R67 3NADPþ), the p-aminobenzoylglutamate (p-ABG)
tail of the substrate is disordered as revealed by both NMR
and crystallography studies (2, 3, 16). The disorder is surprising,
given the observation of a linear correlation between the ΔH
associated with folate binding to the enzyme 3NADPH complex
(measured by isothermal titration calorimetry) and ln kcat/Km

values of various mutants (17). Third, significant changes in
enzyme active sites through mutation typically lead to decreased
activity. In contrast, directed evolution experiments in R67
showed that the V66-Q67-I68-Y69 wild-type sequence can be
substituted with the S66-K67-I68-H69, I66-N67-R68-Y69, or
G66-E67-L68-Y69 sequence, and the mutant proteins still retain
full DHFR activity (18). Note that as R67 is a homotetramer,
changes of four residues per subunit lead to 16 mutations per
active site pore!

As a model of a primitive enzyme, R67 DHFR provides an
interesting opportunity to understand the factors that contribute

to the catalytic efficiency of enzymes. Protein flexibility recently
has been implicated in the designated function of protein scaf-
folds, including enzyme catalysis. EcDHFR, in particular, has
been investigated with respect to the role of protein motion and
flexibility in the catalytic mechanism (19-21). Conserved resi-
dues have been proposed to form a network of motions that
possibly promote catalysis in the active site (22). The motions of
the surface and other distal residues (located >10 Å from the
active site) through the network are proposed to alter the
chemical environment in the active site to facilitate hydride
transfer (23). Mutation of these distal residues results in a loss
of catalytic efficiency (24). Here, the same hydride transfer
reaction is catalyzed by a completely different structural fold,
albeit with differing efficiencies for EcDHFR and R67 DHFR.
Therefore, a comparison of the structural interactions and
motions in these two DHFRs may shed some light on how
enzymes work.

In this report, we present detailed computational studies of the
hydride transfer reaction catalyzed by R67 DHFR. Structural

FIGURE 1: R67 DHFR structure. (a) R67 is a homotetramer possessing 222 symmetry. Each monomer is colored differently. Residues are not
numbered consecutively; rather, the amino acids are labeled 1-78 for the firstmonomer, 101-178 for the secondmonomer, 201-278 for the third
monomer, and 301-378 for the fourthmonomer. The first 20 amino acids from each monomer were not modeled, as the first 16 amino acids are
cleaved off in the fully active variant that has been crystallized (28) and the next four amino acids are disordered. The active site is in themiddle of
the pore, allowing the substrate DHF (shown as orange sticks) and cofactor NADPH (green sticks) to enter from opposite sides of the pore.
(b) Important active site interactions are shown, and relevant atoms and angles are labeled (see Table S1 of the Supporting Information for a full
list of important interactions). The plane of the nicotinamide ring is above that for the pteridine ring. H* denotes the protonation site.

http://pubs.acs.org/action/showImage?doi=10.1021/bi1007222&iName=master.img-000.jpg&w=333&h=405
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analyses of the active site residues reveal the role of various
protein regions in facilitating hydride transfer. The V66-Q67-I68-
Y69 sequence from symmetry-related subunits aids in the cata-
lytic mechanism by forming structural interactions with the
substrate and cofactor. In addition, the motions of Q67 may
potentially contribute to the hydride transfer reaction by helping
to pucker the nicotinamide ring. Of particular interest, the
p-ABG tail of DHF is quite flexible and can move between
K32 residues from two different subunits during the course of the
reaction. These tail movements appear to be linked to puckering
of the pteridine ring, an important event during the reaction. This
work provides a computational model of the hydride transfer
reaction in R67 DHFR and identifies features that assist in the
enzyme mechanism. Mutations of K32 in two different subunits
indicate changes in catalytic activity that correlate with previous
experimental observations and provide insight into the role of the
p-ABG tail in the reaction mechanism. Parallels to the chromo-
somal DHFR catalytic reaction mechanism are also observed.

METHODS

Model Preparation. The enzyme-substrate complex was
modeled using classical mechanics simulations under explicit
solvent conditions. The hydride transfer reaction was modeled
using the empirical valence bond (EVB) method (25). The
AMBER (26) simulation package was used for model building
and simulations. Note that in previous work, we have verified the
suitability of AMBER’s parm98 force field for dynamics model-
ing with comparison with other popular force fields (27).

Homotetrameric R67 DHFRwas modeled with one substrate
and one cofactor based on the X-ray crystal structure [Protein
Data Bank (PDB) entry 2RK1] (3). Note that the first 16 amino
acids are cleaved off in the variant that has been crystallized (28)
and the next four amino acids are disordered. Therefore, as
depicted in Figure 1, all four monomers were modeled, each with
58 amino acids. The missing coordinates for the p-ABG tail of
DHFweremodeled using theMolecular Operating Environment
(MOE Chemical Computing Group Inc.) (29, 30). The model
with solvent was equilibrated using a protocol described pre-
viously (27). All production runs were performed using AMBER
version 10 (sander module) under NVE ensemble and periodic
boundary conditions. The particle mesh Ewald method was used
for electrostatic interactions; a 10 Å cutoff radius for Lennard-
Jones interactions and SHAKE was used for restricting the
motions of all covalent bonds with hydrogen atoms (except for
the donor-hydride and acceptor-hydride bonds). For compar-
ison, the EcDHFR enzyme complexwasmodeled (based onPDB
entry 1RX2) using a similar protocol.
Hydride Transfer Modeled by the EVB Method. The

modeled enzyme reaction is the transfer of a hydride fromNADPH
(cofactor) to protonated DHF to produce NADPþ and THF.
Hydride transfer is the rate-determining step in R67 DHFRwith
a rate of 1.3 s-1 at pH 7 (10). This study involves the modeling of
the pro-R hydrogen transfer from the C4N atom on the cofactor
(CD) to the C6 atom on the protonated substrate DHF (CA). The
EVBmethod, in combinationwith classicalmolecularmechanics,
was used for generation of the conformations along the hydride
transfer reaction. The EVB method developed by Warshel and
co-workers (25) has been used to investigate hydride transfer
reactions in other enzymes (23, 31). In this study, the EVB
method, as implemented in AMBER version 10, was used for
the simulations. The potential energy surface for the hydride
transfer was described by a two-state model (shown in Figure 2)

according to the Hamiltonian matrix

H ¼ V11 V12

V12 V22

� �
ð1Þ

The bonds between the donor-hydride bond and the accep-
tor-hydride bond were modeled using a Morse potential:

VMorseðRCHÞ ¼ De½1- eRðRCH -ReÞ�2 ð2Þ
where RCH is the distance between the hydride and the bonded
donor or acceptor carbon atom. The parameter R, which is
dependent on the force constant of the C-H bond (340 kcal/
mol), is set to 1.285 A-1. De is the dissociation constant and is
103.0 kcal/mol, while Re is the equilibrium C-H bond length of
1.09 Å.

Because the hydride transfer reaction involves a free energy
barrier greater than the thermal energy, the free energy profile
was obtained with the use of a mapping potential (Vmap):

VmapðR; λmÞ ¼ ð1- λmÞV11ðRÞþ λmV22ðRÞ ð3Þ
whereR represents the positions of all atoms in the system and λm
is the mapping parameter. The collective reaction coordinate (Λ)
is defined by the equation

ΛðRÞ ¼ V22ðRÞ-V11ðRÞ ð4Þ
The free energy profiles were generated through a series of 19
simulations (windows) with different values of the mapping
parameter λm (λm=0.05, 0.10, 0.15, ..., 0.95).

Starting from the X-ray crystal structure, we equilibrated the
solvated enzyme complex in the reactant state. For simulations
with λm=0.05, the coordinates were taken from the reactant state
(λm=0) and minimized for 5000 steps and equilibrated for 5 ps.

FIGURE 2: Free energy profiles for the hydride transfer reaction
catalyzed by R67 DHFR. The solid black curve shows the simula-
tions fitted to the experimental activation energy barrier (34), while
the black dashed curve shows the profile for bound DHF where the
p-ABG tail is positioned in a rotated conformation. Data from three
mutants (K232M, K332M, and K232M/K332M) are colored red.
The two states for theEVBcalculations are shownas an inset,where 1
is the reactant state and 2 is the product state (CD, donor carbon; CA,
acceptor carbon; andH,hydride). The transition state corresponds to
the highest point of the energy profile. Two profiles for the wild-type
enzyme were generated for two alternate conformations of the DHF
tail; for the wild type (solid black curve), the R-carboxylate group of
DHF tail interacts with K332 and the γ-carboxylate group interacts
with K232, and in the tail rotated simulation (black dashed curve),
the interactions are switched.

http://pubs.acs.org/action/showImage?doi=10.1021/bi1007222&iName=master.img-001.jpg&w=239&h=173
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(Subsequently, for higher λm values, the starting coordinates were
the equilibrated coordinates from the λm - 0.05 window.) The
resulting coordinates (Req) served as the starting point for EVB
production runs. Two independent sets of EVB production
simulations were performed to test and ensure the convergence
of the free energy profile. For the EVB1 set, at each λm, the
coordinates (Req) were further minimized for 10000 steps and
equilibrated for 70 ps of molecular dynamics (MD). This was
followed by 700 ps production MD runs (NVE) for data
collection. For the EVB2 set, at each λm, the coordinates (Req)
were further minimized for 20000 steps and equilibrated for 70 ps
of MD. This was followed by 700 ps production MD runs for
data collection. Overall, this amounts to 26.6 ns of sampling for
the entire reaction pathway, which was used for energy profile
generation and geometrical parameter analysis. Conformations
were stored every 0.1 ps, resulting in 14000 conformations (from
EVB1 and EVB2 simulations) for each λm and 266000 conforma-
tions for the entire reaction pathway. Note that, even though the
collective sampling time of 26.6 ns is much shorter than the
reaction time scale of∼1 s, the use of a mapping potential (eq 3)
allows sampling of the reaction pathway along the collective
reaction coordinate. A similar methodology has been used for
EcDHFRand other enzymes catalyzing hydride transfer (22, 31).

The coupling, V12, between the two valence bond states is
assumed to be a constant and so is Δ12 (the energy adjustment
term included in V22), which is determined when the energy
profiles are fit to the experimentally determined free energy
of activation and free energy of reaction. The free energy of
activation for thewild-typeR67 enzymewas previously estimated
to be 17.6 kcal/mol (34). An estimate for the free energy of
reaction is currently unavailable for R67; therefore, the estimate
obtained for EcDHFR of -4.4 kcal/mol was used (23). A V12

of 24.65 and a Δ12 of -82.95 kcal/mol lead us to values for the
free energy of activation and free energy of reaction of 17.6 and
-4.4 kcal/mol, respectively. The trajectory convergence was tested
by comparing the two independent data sets, each of 700 ps of
sampling for every λm. The results indicate that the EVB
parameters needed to reproduce the activation energy barrier
and heat of reaction differ by <1 kcal/mol (see Figure S1 of the
Supporting Information).

The mutations (K232M, K332M, and K232M/K332M) were
prepared by using AMBER’s xLeap program. Similarly, the
higher-energy conformation for the wild type was prepared by
rotation of the DHF tail with the xLeap program. The protocol
described above for the wild-type enzyme was also used for these
three mutants as well as an alternate p-ABG tail position in wild-
type R67DHFR to generate free energy profiles based on 26.6 ns
of sampling for each system with 19 λm windows. The energy
profiles were generated by using the wild-type EVB parameters.
Note that the EVB method is expected to provide qualitative
comparisons for the mutants rather than quantitatively accurate
comparisons. Replicate runs were performed, and comparison of
the two different sets indicates that the alternate tail and the three
mutants exhibit similar trends for the activation energy barrier
(higher or lower barrier than that of the wild-type enzyme);
however, quantitatively, the barriers show variations of 1-2
kcal/mol between the two data sets (see Table S2 of the
Supporting Information). The validation of the energy surface
for hydride transfer could be provided by comparison of the
EVB-optimized transition state structure with ones obtained
from quantum mechanical models. The EVB-optimized transi-
tion state structure could be obtained in a way similar to

electronic structure calculations (where the saddle point is located
by optimizing the structure until the diagonalized Hessian shows
only one negative eigenvalue). At present, software for comput-
ing such an EVB-optimized structure is not available. Therefore,
an averaged structure based on the reaction trajectories crossing
the EVB diving surface (highest point on the free energy profile)
and a density functional theory-optimized structure for an active-
site model are provided as Supporting Information.

A similar protocol was used for EcDHFR, but only 100 ps
of sampling was performed for each λm window. Note that
EcDHFR simulations were performed for comparison of the
DHF tail angle. Even with a relatively small sampling, the DHF
tail angle result shows exactly the same behavior that was
previously described (23).
Equilibrium Geometrical Properties. Variations of the

geometrical quantities (interactions, distances, and angles) over
the course of the hydride transfer were computed as a function of
the reaction coordinate. These quantities were extracted from
each of the 266000 conformations sampled along the reaction
pathway (collected from the separate sets of trajectories as
described above) and were sorted into histograms (bin size of
1 kcal/mol) based on the value of the reaction coordinate
associated with the conformation (eq 4). The average value of
the geometrical parameter value per bin was used in analysis
(a running average of 20 bins was used for the final plots). The
state of hybridization for the donor and acceptor was calculated
on the basis of the methodology described by Truhlar, Gao, and
co-workers (32). In addition to the equilibrium properties, the
266000 conformations were also used for quasi-harmonic anal-
ysis to investigate enzyme flexibility (see the Supporting Informa-
tion for details).
Radius of Gyration.The radius of gyration (Rg) for substrate

DHF was computed according to the following equation:

Rg ¼ 1

M

XN
k¼1

mk½ðxk -xCOMÞ2 þðyk - yCOMÞ2 þðzk - zCOMÞ2�
* +( )1=2

ð5Þ
whereM is the totalmolecularmass,N is the number atoms in the
molecule, m is the mass of an atom, x, y, and z indicate the
Cartesian coordinates of an atom, and xCOM, yCOM, and zCOM

indicate the coordinates of the center of mass of the molecule.
Note that Rg provides mass-weighted root-mean-square displa-
cements for the substrate molecule and is mostly affected by
p-ABG tail movement as the pteridine ring remains rigidly
docked at the center of the pore.

RESULTS

The free energy profile for the hydride transfer reaction
catalyzed by R67 DHFR was obtained using the EVB method.
Figure 2 shows the reactant and product states for the reaction
used for two-state implementation of the EVB method and the
resulting energy profiles. On the basis of previousmodels (23, 33),
our model invokes one possibility in which N5 protonation
occurs before the hydride transfer. Because the p-ABG tail of
DHF is disordered in the X-ray crystal structure, two initial con-
formations were built with the R- and γ-carboxylates switched with
respect to their interactions with symmetry-related K32 residues.
These profiles as well as those for three K32M mutant enzymes
(discussed below) are shown in Figure 2. The EVB parameters,V12

andΔ12, were selected to reproduce the experimental barrier height
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for the wild-type R67 enzyme (ΔGq=17.6 kcal/mol) (34), while the
free energy of the reaction was fixed to the experimental value for
EcDHFR (-4.4 kcal/mol) (23). The parameters, V12 and Δ12,
obtained by fitting the wild-type enzyme, were used for the
simulations with the alternate tail conformation and the three
mutants to allow a comparison of the energy landscapes. Pre-
viously, such a comparison has been used by Warshel and co-
workers to investigate hydride transfer in EcDHFR (35).

As identified in the ternary complex crystal structure (3), many
enzyme-substrate interactions in the active site allow the pteri-

dine ring of the substrate to be held close to the nicotinamide
ring of the cofactor (see Figure 3). As depicted in Figure 3a, the
enzyme active site enables the donor carbon-acceptor carbon
(CD-CA) distance to decrease to 2.6-2.8 Å at the transition
state. This behavior has previously been reported for other
enzyme-catalyzed hydride transfer reactions (36) and is similar
to the decrease seen inEcDHFR (22). It has been suggested that a
decrease in the CD-CA distance is required for a larger overlap of
the hydride (nuclear) wave function associated with the reactant
and product states (23). An endo configuration between the

FIGURE 3: Equilibrium averages of geometrical properties along the collective reaction coordinate. (a) Donor and acceptor carbon distance.
(b) Various interactions between I168 and the N2a, N3, and O4 atoms of DHF. (c) Distances between I68 and the carboxamide group in the
nicotinamide ring of the cofactor. (d) Interaction distance between Q67 and the donor carbon. (e) Ring puckering angle as defined in Figure 1b.
(f) State of hybridization for donor and acceptor carbons. (g) DHF tail angle (indicated asψ in Figure 1b). The reactant (R, reaction coordinate
of-191.5 kcal/mol) and product (P, reaction coordinate of 178.0 kcal/mol) are defined as the lowest points in the free energy profile of Figure 2
(for comparison, the EcDHFR reactant and product states are located at -160 and 180 kcal/mol, respectively).

http://pubs.acs.org/action/showImage?doi=10.1021/bi1007222&iName=master.img-002.jpg&w=360&h=516
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reactive rings proposed for both the ground state (3, 16) and the
transition state (37, 38) requires the CD-H-CA angle to be
>100� for hydride transfer to occur. In our simulations, this
angle increases from ∼130� in the reactant state to 165.8� in the
transition state (see Figure S2 of the Supporting Information),
with a subsequent decrease to ∼145� in the product state. The
computed EVB transition state geometry is based on the average
of ∼1300 enzyme conformations that are located in the vicinity
of the maximum in the free energy profile (corresponding to the
reactive trajectories that cross the dividing surface in the EVB
framework). To check this transition state geometry, we additionally
used electronic structure calculations at the DFT/B3LYP/6-31G**
level (see Figure S3 of the Supporting Information). The obtained
transition state geometries from the two methods are similar.
Active Site Interactions with DHF and NADPH. Impor-

tant interactions betweenR67 and its substrate and cofactor were
identified using dynamical cross-correlation coefficients calcu-
lated over the course of the entire hydride transfer pathway (see
Figure S4 of the Supporting Information). The largest correla-
tions with boundDHF as well as cofactor NADPHare shown by
K32 and the V66-Q67-I68-Y69 regions from the four subunits.
To improve our understanding of the role of these regions in
enzyme function, these various interactions were monitored as a
function of distance and angle over the course of the hydride
transfer reaction. As depicted in Figure 3b, there are one strong
and three weak (39) hydrogen bonds formed between the back-
bone atoms of I168 and the DHF pteridine ring that allow the
substrate to be held close to the cofactor. These H-bonding
interactions are maintained during the entire reaction profile,
preventing any large movements of the pteridine DHF ring.
Additionally, the alkyl side chain of I168 provides hydrophobic
interactionswith the pteridine ring. As an interesting coincidence,
the backbone atoms of I68 (same residue from another subunit)
form strong H-bonds with the nicotinamide carboxamide in the
cofactor NADPH (see Figure 3c), also allowing this portion of
the cofactor to be held rigidly. Additional interactions along the
length of the NADPH molecule constrain its position during
the reaction profile. In particular, K32 and K132 form ion pairs
with the phosphate groups.

Glutamine 67 forms close interactions with the nicotinamide
ring of NADPH, particularly with the hydride donor carbon
(CD). The side chain of Q67 shows relatively stable hydrophobic
interactions with CD (see Figure 3d) for the first half of the
reaction when the Q67 Cδ-CD and Q67 Cγ-CD distances are
∼4.1-4.2 Å; however, as the reaction proceeds from the transi-
tion state to the product state, these distances quickly decrease to
3.7 Å, possibly indicating a change in the chemical environment
at CD. These Q67CD distance changes occur simultaneouslywith
the puckering of the nicotinamide ring (see Figure 3e). Collec-
tively, these changes show a change in the hybridization state
of CD going from sp3 to sp2, aiding in the loss of the hydride
(see Figure 3f). This behavior has also been observed in
EcDHFR (32).

Puckering of the nicotinamide ring has been thought to
contribute to the reaction coordinate in the dinucleotide
(NADPH/NADH) binding enzymes (40, 41). Note that variation
in the NADPH cofactor ring puckering in R67 (as depicted in
Figure 3e) is consistent with previous results based on detailed
quantum level modeling. In those studies, localized molecular
orbital analysis indicated that small changes (5-10�) in cofactor
ring puckering are sufficient to alter the electronic environment at
the CD (42, 43).

The chemical environment of the acceptor carbon (CA) also
shows changes suitable for the incoming hydride. Themost impor-
tant change is puckering of the pteridine ring (see Figure 3e),
occurring simultaneously with changes in the DHF tail angle,
going from 118� (corresponding to sp2-like character of CA) to 111�
(sp3-like character forCA) asdepicted inFigure 3g.However, despite
a close inspection of enzyme-substrate interactions, it remains
unclear what residues are associated with this change. This is
particularly intriguing because the shortest interactions with CA

are made by the side chain of Q167, which is >4.2 Å away. In
EcDHFR, it was suggested that movement of the DHF tail,
along with positioning of F31, aids in controlling the environ-
ment at CA (22). However, in R67, both NMR and X-ray
crystallography experiments indicate the p-ABG tail of DHF is
disordered (2, 3, 16). Therefore, the reaction-coupled flexibility of
R67 during the course of hydride transfer was characterized to
understand the behavior of the DHF tail as well as the possible
impact of motions of various residues on the reaction mechanism.
The results indicate that atoms and residues at the center of
the pore are mostly rigid while the regions around the edge of the
pore, including those involving the K232 and K332 residues, show
the largest degree of flexibility (see Figure S5 of the Supporting
Information).
Analysis of the Role of the DHF Tail. The impact of

p-ABG tail flexibility was characterized with respect to its ability
to induce changes in the DHF tail angle. Analysis of computa-
tional simulations shows that the p-ABG tail, surrounded
mostly by solvent, can freely move in the pore with its R- and
γ-carboxylate groups forming ion pairs and/or solvent-separated
ion pairs with residues K232 and K332. These observations are
consistent with the disorder seen in NMR and crystallography
studies (2, 3, 16). For the wild-type enzyme, K232 forms an ion
pair with the γ-carboxylate group of the p-ABG tail while the
symmetry-relatedK332 residue shows a longer and often solvent-
separated ion pair with the R-carboxylate group (see Figure S6 of
the Supporting Information). Over the course of the reaction, the
ion pair between K232 and the γ-carboxylate group fluctuates
between 3 and 4 Å, while the solvent-separated interaction
between K332 and the R-carboxylate group fluctuates between
4.5 and 5.5 Å as the tail moves around in the middle of the pore
(see Figure S7 of the Supporting Information). The flexibility of
the DHF tail also raises an important concern regarding the
interaction of the K232 and K332 residues with the γ- and
R-carboxylate groups in an alternate conformation, where the
interactions are reversed. Here, K232 forms an ion pair with the
R-carboxylate group, whileK332 interacts with the γ-carboxylate
group of DHF. As depicted in Figure 2, this conformation shows
a higher barrier for hydride transfer.

Simulations indicate that the DHF tail is able to rotate freely
between two alternate conformations (see Figure 4). A 5 ns MD
trajectory in the ground (reactant) state indicates that the tail
rapidly rotates back and forth between the two conformations as
indicated by a change in the dihedral angle associated with the
carboxylate groups (labeled ω in Figure 1b). This trajectory is
depicted in Figure 4a. The dihedral angle switching between the
two states (A and B) indicates the tail’s ability to rotate freely
between two alternate conformations. In this ground state
trajectory for the wild-type enzyme, the tail position starts in
state A, where the R-carboxylate group interacts with K232 and
the γ-carboxylate group interacts with K332. In this state, ω
ranges between 240� and 300�. After ∼1.3 ns, the tail rotates
to state B, where ω ranges between 150� and 210� and the
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interactions of the carboxylate groups with K232 and K332 are
switched. As the simulation continues, switching back and forth
readily occurs between these two states. Collectively, these results
indicate that even though the pteridine ring is held fixed in the
rigid environment of the active site, the DHF tail constantly
samples a range of conformations in the solvent accessible area of
the pore. This sampling is enabled by the inherent tail flexibility
and the population of species incurred upon switching of the ion
pairs between the R- and γ-carboxylate groups of the DHF tail
with symmetry-related K232 and K332 residues present at the
edge of the pore. The disordered tail in the X-ray and NMR
structures presumably is a result of this flexibility. Note that the
trajectories used for the EVB free energy profiles for the wild type
(state B) and the alternate DHF tail conformation (tail rotated)
show no switching between the two states, possibly due to only a
0.7 ns simulation in each λmwindow. As depicted in Figure 4b, in
the energy profile with the lower energy barrier (solid black curve
in Figure 2), the DHF tail samples only state B, while the energy
profile with the rotated tail (black dashed curve in Figure 2)
shows a higher energy barrier and samples only state A.

Mutation of K232 and K332 to methionine provides addi-
tional insight into the possible role of these residues in the
reaction (see Figures 2 and 5). A single K232M mutation
indicates that the loss of the ion pair between the γ-carboxylate
group and K232 leads to an increase in the activation energy

barrier, while the loss of interactions between K332 and the
R-carboxylate group leads to a decrease in the barrier. Interest-
ingly, the double mutation (K232M/K332M) also indicates
better catalysis due to a lowered barrier. A comparison of the
structures at the transition state for the wild type and three
mutants provides vital clues about the role of DHF tail flexibility
during the course of the reaction. The average structures at the
transition state (see Figure 5a) reveal that the tail in the wild type
and double mutant has more or less the same conformation,
while for theK232Mmutant, the tail interactsmore strongly with
K332 because of the loss of the interactions withM232. Similarly
for the K332M mutant, the average tail position is pulled
toward K232 because of the loss of the interactions with M332.
[A comparison of averaged structures in the reactant and product
states also indicates similar results (see Figure S8 of the Support-
ing Information).] In the single mutants, the loss of one ion pair
leads to a shift in the average tail position, eventually impacting
the environment at CA because of a shift in the DHF tail angle.
This is supported by the computational prediction that the
average tail position for the double mutant with the loss of
interactions at both K32 positions is almost the same as in the
wild type, where both interactions are present. As depicted in

FIGURE 5: Impact of K232 and K332 mutations on DHF tail flex-
ibility. (a) Average substrate and cofactor orientation at the transi-
tion state for the wild type (substrate, cofactor, and residues K232
and K332 shown as green sticks), the single K232M mutant (cyan
sticks), the single K332M mutant (magenta sticks), and the double
K232M/K332M mutant (yellow sticks). The average structures are
based on ∼1000 conformations present within (3 kcal/mol of the
reaction coordinate from the transition state (defined as the highest
point of the energy profile in Figure 2). (b) Radii of gyration (Rg) of
DHF when bound to either the wild-type enzyme or the mutants.
Note that Rg is mostly affected by p-ABG tail movement as the
pteridine ring remains rigidly docked at the center of the pore.

FIGURE 4: Glutamate tail dynamics. (a) Rotation of the glutamate
tail inDHFmonitored in a 5 ns ground stateMDsimulation. StateA
corresponds to bound DHF with its R-carboxylate interacting with
K232 and γ-carboxylate group interacting with K332, while state B
corresponds to bound DHF with its γ-carboxylate interacting with
K232 and R-carboxylate group interacting with K332. (b) Tail angle
over the course of the reaction pathway for the wild-type enzyme
reaction (corresponding to state B) and the alternate conformation
(corresponding to stateAandhigher energybarrier inFigure 2).Note
that the ground state trajectory depicted in panel a was started in the
tail conformation corresponding to the higher energy barrier in
Figure 2.

http://pubs.acs.org/action/showImage?doi=10.1021/bi1007222&iName=master.img-003.jpg&w=239&h=329
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Figure S9 of the Supporting Information, the tail is able to rotate
very rapidly (with the DHF tail angle, ψ, varying between 105�
and 125�) on the picosecond time scale; however, the averaged
value of the tail angle depends on the identity of the amino acids
at positions 232 and 332. Because the lifetimes of these states
are extremely short (∼0.1 ns), it is possible that a reaction
trajectory (corresponding to a kcat of ∼1 s-1) is only successful
if it coincides with the correct changes in the other enzyme-
substrate interactions, including the environment at CD. Further,
the loss of DHF tail interactions with K232 andK332 appears to
favor an increased rate of the enzyme, as indicated by a lower
energy barrier for the single K332M mutant and the double
mutant, where the loss of ion pair interactions with the carbox-
ylate groups allows more conformational sampling. The single
K232Mmutant appears to be different, as the loss of an ion pair
at this position leads to a distortion of the dihedral angle at
the CA (i.e., N5-CA-C9-N10). As shown in Figure S10 of the
Supporting Information, this dihedral angle is different in the
K232Mmutant and the wild type and the other twomutants and,
therefore, could indicate an unfavorable consequence for the
hydride transfer event. Note that even though the tail conforma-
tion in the K332M mutant appears to have an orientation
different from the other three cases due to the strong ion pair
withK232, a dihedral angle (N5-CA-C9-N10) distortion is not
observed, and in fact, this orientation appears to favor the change
in the DHF tail angle (see Figures S8 and S9 of the Supporting
Information and discussion below).

A comparison of the radii of gyration (Rg) for the substrate
DHF, over the course of hydride transfer, provides supporting
evidence for the linkage between DHF tail flexibility and the
height of the energy barrier (see Figure 5b). Thewild-type enzyme
with boundDHF in stateB shows the largest value ofRg, whereas
the smallest Rg values are associated with the wild-type enzyme
with bound DHF in state A (rotated tail) as well as the K232M
mutant. These different Rg values correlate with low and high
energy barriers in Figure 2. The doublemutant also shows a large
Rg across the entire reaction profile, possibly because of a lack of
interactions between the DHF carboxylate groups and the
enzyme. This may enable the DHF tail angle to be sampled at
a slightly faster rate, perhaps providing an explanation for the
lower energy barrier. As well as trends in Rg correlating with the
energy barrier height, there may be several other contributing
factors, such as various angles associated with the tail orienta-
tion. It is difficult to quantitatively estimate the impact of these
contributing factors on changes in barrier heights as a large range
of possible motions are available to the p-ABG tail in both wild-
type and mutant configurations. Nonetheless, Table S3 of the
Supporting Information summarizes a qualitative comparison of
the DHF tail angle and the N5-CA-C9-N10 dihedral angle as
potential factors contributing to a change in barrier height
compared to that of the wild-type enzyme. This analysis suggests
that in addition to the Rg value, sampling of the DHF tail angle,
ψ, in the 114-116� range may be important for achieving the
transition state (see Figure S11 of the Supporting Information).
For example, theK332Mmutant, even though itsRg value is only
intermediate, does show a slight lowering of the energy barrier.
As mentioned above, for the K332M mutant, the DHF tail is
oriented differently (see Figure 5a). For thismutant, theDHF tail
angle, ψ, shows a value of ∼116� in the ground and reactant
states of the reaction pathway (see Figure S11 of the Supporting
Information). Therefore, for the K332M mutant, it appears that
the combination of an intermediate Rg value and a decreased

value for the DHF tail angle possibly provides an overall
beneficial change to the electronic environment at the CA.
Interestingly, the wild-type enzyme with bound DHF in state
A (rotated tail) also shows a decreased value of ψ between the
reactant and transition states (see Figure S11 of the Supporting
Information) because of its altered conformation. However, it
has the smallest Rg value indicating the lowest flexibility. There-
fore, as summarized inTable S3 of the Supporting Information, it
appears that for wild-type enzyme with the bound substrate
possessing an alternate tail conformation(s) (even though the tail
angle is favorable), a significantly lower flexibility (smallest Rg)
may provide an explanation for a slower hydride transfer rate.
Collectively, analysis of the DHF tail in the wild type and
mutants suggests that a favorable combination of the tail
orientation and flexibility may be required to induce the required
change in the DHF tail angle, which in turn likely controls the
state of hybridization of the CA.

DISCUSSION AND SUMMARY

The computational results presented here provide insight into
the mechanism of R67 DHFR catalysis. In the active site, the
proximity of NADPH and DHF is achieved by numerous strong
interactions with enzyme residues. During catalysis, bound
NADPH remains reasonably rigid as does the pteridine ring of
DHF.Water is excluded by constriction of the central portion of
the pore. Stacking of the nicotinamide and pteridine rings [as also
seen in the NMR and X-ray structures (3, 16)] enables use of the
more stable endo transition state (37, 38). The observations made
here are consistent with previous suggestions of NADPH ring
puckering being a significant contributor to the reaction coordi-
nate (41, 44). As shown in Figure 3d, activation of NADPHmay
be achieved inR67DHFRbymotion of Q67, which is positioned
behind the CD position of the nicotinamide ring, resulting in ring
puckering and ultimately hydride transfer. A different mecha-
nism appears to be operative inDHF, as pteridine ring puckering
appears to be achieved by rigid binding of the pteridine ring
coupled to movement of the p-ABG tail between symmetry-
related K232 and K332 residues.

The flexibility of the substrate’s p-ABG tail at the edge of the
active site is paradoxical as it contrasts with the paradigm that
enzymes hold their substrates in fixed positions (12-15). The
disordered tail implies the ability to sample the large volume at
the end of the pore. Previous docking studies have predicted that
the tail can sample various conformations between the two
extreme states, where the carboxylate groups form ion pairs with
K32 residues from two different subunits (4, 45). The computa-
tional studies presented here indicate tail movement can alter the
chemical environment on the acceptor carbon by inducing a
change in the state of hybridization. Previous resonance Raman
studies provide supporting evidence of this computational
prediction as two C6dN5 bond stretches are observed for
DHF when bound to an H62C mutant R67 DHFR 3NADPþ

complex (46). Deng et al. note the orientation of the R group off
the C6 position significantly impacts the C6dN5 stretch, suggest-
ing the observed split of the C6dN5 signal correlates with two
binding modes for DHF where the p-ABG tail adopts different
orientations.

Our computational results predict that movement of the
p-ABG tail between symmetry-related K32 residues leads to
alterations in the structure ofDHF, in particular puckering of the
pteridine ring. As ring puckering lies on the path to transition
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state formation, disorder of the DHF tail may serve a functional
role. [While it is difficult to distinguish cause and effect here, we
note flexibility is present in the ground state and nonreactive
states (such as the two folate or DHF 3NADPþ crystal
structures), indicating that flexibility is not solely driven by
catalysis.] This hypothesis is supported by numerous experi-
mental observations. First is the observation of a large
contribution of entropy to R67 catalysis (TΔSq

25 = -11.3
kcal/mol) (34). A second experimental result that supports our
hypothesis is the observation that addition of salt (ionic
strength of up to 0.42) enhances kcat 2.5-fold (47). This
observation is unusual as salt effects typically alter ligand
binding rather than kcat. The slope of a log-log plot of kcat
versus ionic strength (NaCl) in wild-type R67 DHFR is
approximately 1, consistent with the breakage of a salt bridge
going from the ground state to the transition state. This study
predicts the salt sensitive interaction is a salt bridge between
the R-/γ-carboxylate moiety in the p-ABG tail of DHF
and K32. Additionally, kinetic isotope effect experiments,
conducted at increasing ionic strengths as well as theoretical
calculations, suggest electrostatic repulsion between the H
donor and H acceptor is weakened, and the reaction coordi-
nate is better organized for H tunneling (48). Finally, a single
K32M mutant as well as all double K32M mutants were
constructed in a tandem array of four fused R67 DHFR
genes (49). This approach allowed asymmetric addition of
mutations in a monomeric protein possessing the essential
tertiary structure of R67 DHFR. For the double mutants with
K32M mutations appearing on both sides of the pore, the kcat
decreased 4-8-fold. For the double mutant with K32M
mutations on one side of the pore (K232M/K332M), kcat
increased 4-fold, consistent with a decreased activation energy
barrier that was observed in the computational results
(Figure 2). From previous binding studies, NADPH has been
proposed to bind before DHF (7), and from crystal structure
analysis (3), NADPH interacts tightly with R67 using ion
pairs with K32 residues. Thus, initial binding of NADPH to
the unmutated half of the pore in the K232M/K332M asym-
metric mutant is proposed to be followed by binding of DHF
to the mutant (K32-less) half of the pore. From this binding
model, loss of the ion pairing capability in the DHF binding

site appears to correlate with an increase in kcat, again
agreeing with the computational predictions in Figure 2.
Finally, the interactions of K32 with DHF were found to
be important in binding (as seen in the K232M/K332M
mutant); however, they could be eliminated if compensatory
Q67H mutations (which tighten binding) were added (50). A
further discussion of the asymmetric K32 mutants is given in
the Supporting Information.

Overall, these results indicate that ion pairing between theK32
residues and the DHF carboxylates is important in ground state
binding of substrate. However, because of the symmetry of
R67 DHFR and the promiscuous binding surface, loss of this
interaction(s) is needed for the enzyme to reach the transition
state. Thus, mutations that increase DHF tail flexibility in the
pore and remove the ground state ion pair interactions appear to
lead to increased catalytic efficiency.
Comparison of EcDHFR and R67 DHFR Catalytic

Strategies. Despite the structural differences between R67
DHFR and EcDHFR, both enzymes catalyze the same chemical
reaction. While R67 DHFR uses an endo transition state and
EcDHFR uses an exo transition state, the computational results
presented here suggest some similarities with respect to how these
two enzymes provide crucial structural interactions in the active
site. Further, there are similarities with regard to the relative
motions, both in the center and on the edge of the active site, that
alter the chemical environment making it suitable for catalysis to
occur. In particular, puckering of the NADPH ring and a change
in the DHF tail angle are observed in both enzyme systems. In
EcDHFR, the nicotinamide ring puckering motion has been
suggested to be induced by a network of coupled motion
originating from D122 on the surface and terminating in Y100
in the active site, positioned behind the CD (22). In R67 DHFR,
the Q67 side chain appears to provide similar motions to the CD

atom, also positioned behind the cofactor ring. The most
interesting difference in the enzymemechanismappears to impact
the chemical environment at the CA (see Figure 6).While changes
in the DHF tail angle are observed (that lead to a change in the
CA hybridization state from sp2 to sp3) for both R67 DHFR and
EcDHFR, the pattern along the reaction coordinate differs (see
Figure 3g). This likely arises because of differences in active site
volume, which either constrains tail movement (EcDHFR) or

FIGURE 6: Comparison of DHF tail flexibility in R67 DHFR and EcDHFR. In R67, the large flexibility of the tail arises because of its ability to
sample the large space at the endof the pore.This occursdue toalternative interactionsbetween theR- andγ-carboxylate groups and theK332and
K232 residues, which appear to enable a change in theDHF tail angle suitable for hydride transfer. As the protein scaffold allows a large degree of
movement at the edge of the active site pore, this results in a continuous change inψ in Figure 3g. In EcDHFR, the R-carboxylate group is rigidly
held byR57while F31motions are proposed to induce changes in the DHF tail angle. AsDHF is bound in a cleft and theMet20 loop closes over
bound ligands in EcDHFR, this structure constrains the ability of the p-ABG tail to move; thus,ψ in Figure 3g shows a different pattern than in
R67DHFR.Note that the colored areas indicate a cross section of the relevant areas of the enzyme. InR67DHFR, the cross section shows the full
width of the pore, while in EcDHFR, it indicates interaction of DHF with specific enzyme residues.

http://pubs.acs.org/action/showImage?doi=10.1021/bi1007222&iName=master.img-005.jpg&w=487&h=148
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allows large movements at the edge of the pore (R67). In
EcDHFR, it has been suggested that motions of the F31 side
chain provide promoting motions that alter the DHF tail angle,
thereby making the CA atom more suitable for the incoming
hydride. In R67 DHFR, our computational studies predict that
the same change in the chemical environment results from the
p-ABG tail movement. Sampling of the DHF tail angle is made
possible by the large flexibility of the tail located at the edge of
the pore surrounded by bulk solvent. The two extreme states for
the conformations are ion pairs between theR- and γ-carboxylate
groups of DHF interacting with symmetry-related lysines from
two different subunits (K232 and K332).

To conclude, we consider negative design (i.e., blocking of
undesired alternatives), which has been proposed as a necessary
consideration in protein design efforts (51-53) and likely occurs
in enzyme evolution as well. Evolutionary steps toward a
smoother binding funnel and lower transition state surface have
probably been hidden in well-evolved enzymes; thus, examina-
tion of the R67DHFRmechanism can help uncover these design
elements. For example, one feature consistent with R67 being a
primitive enzyme is imposition of 222 symmetry on its single
active site, which does not allow optimization of cofactor and
DHFbinding.While K32 is important in ground state binding of
DHF, it appears that loss of this interaction is necessary to reach
the transition state as shown by experiment (47) and predicted by
this computational study as well. Another issue inR67 catalysis is
p-ABG tail movement. While the flexibility of the p-ABG tail in
R67 DHFR appears to correlate with pteridine ring puckering
and ultimately catalysis, this movement samples a large con-
formational space that allows variable DHF tail angles. These
values vary depending on how the p-ABG tail is bound or which
K32 mutants are considered. If specific conformational fluctua-
tions result in better coupling with catalysis, perhaps EcDHFR
uses negative design to achieve DHF ring puckering by the more
subtle movement of F31 against the back side of the pteridine
ring.
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A movie depicting enzyme flexibility along the reaction path-
way; comparison of the free energy profiles from the two EVB
sets used in this study; barrier heights for mutant systems;
transition state geometry; cross-correlation plots for enzyme
and the substrate and cofactor; reactant-coupled enzyme flex-
ibility; variation of interactions between K232 and K332 and the
DHF tail; DHF tail angles; and N5-CA-C9-C10 dihedral
angle variation along the reaction coordinate for wild-type and
mutant enzymes. This material is available free of charge via the
Internet at http://pubs.acs.org.
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